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Abstract

We study the nucleation of GaN islands grown by plasma-assisted molecular-beam epitaxy on

AlN in a Stranski-Krastanov mode. In particular, we assess the variation of their height and

density as a function of GaN coverage. We show that the GaN growth passes four stages: initially,

the growth is layer-by-layer; subsequently, bidimensional precursor islands form, which transform

into genuine three-dimensional islands. During the latter stage, the height and the density of the

islands increase with GaN coverage until the density saturates. During further GaN growth, the

density remains constant and a bimodal height distribution appears. The variation of island height

and density as a function of substrate temperature is discussed in the framework of an equilibrium

model for Stranski-Krastanov growth [R. E. Rudd et al., Phys. Rev. Lett. 90, 146101 (2003)].
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I. INTRODUCTION

Zero-dimensional semiconductor quantum dots (QDs) have attracted much interest in

the last decade due to their multiple potential applications ranging from low-threshold

lasers1,2 via single-electron tunneling devices3,4 to possible realizations of qubits for quantum

computation.5,6 A versatile method for the fabrication of semiconductor QDs is their self-

assembled growth following the Stranski-Krastanov (SK) growth mode.7 This mode usually

occurs during the growth of semiconductor epilayers under compressive strain. Example ma-

terial systems are InxGa1−xAs/GaAs,8–10 SixGe1−x/Si,11,12 CdSe/ZnSe,13 or GaN/AlN.14,15

In this mode, atoms are initially deposited in form of a bidimensional pseudomorphic wet-

ting layer. The associated elastic strain energy increases with the thickness of the wetting

layer and is finally elastically relieved by the formation of islands.

The usefulness of such self-assembled nanostructures relies on the ability to obtain ho-

mogeneous size distributions as well as to control their size, density and position. The size

distribution of SK-grown islands is found to be remarkably sharp, the reason for this still

being subject to controversy.16–20 Moreover, despite many experimental studies, the influ-

ence of growth parameters on the size and density of such islands is not fully understood,

owing to the complexity of the phyics of strained layer growth.

In this work, we present results of the nucleation of GaN islands on AlN following a SK

mode, in particular of the dependence on the amount of deposited GaN and the substrate

temperature. We find that the qualitative behavior is similar to that found in other sys-

tems, e.g. for InAs/GaAs and Ge/Si. This reinforces the idea that the general behavior of

semiconductor SK growth is rather universal and independent of the specific material sys-

tem. Only absolute island sizes and densities then depend on the material system, possibly

through material parameters like lattice misfit, elastic constants, or surface energies. Hence,

we may further discuss the experimental data in the framework of an equilibrium model

based on statistical physics that was originally developed in work on the Ge/Si system.21

II. EXPERIMENTAL

The samples have been grown in a MECA2000 molecular-beam epitaxy (MBE) chamber

equipped with standard effusion cells for Ga and Al evaporation. The chamber also contains
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an rf plasma cell to provide active nitrogen for GaN and AlN growth. The pseudo-substrates

used were about 2µm thick (0001) (Ga-polarity) GaN layers grown by metal-organic chemi-

cal vapor deposition on sapphire. The substrate temperature TS was measured by a thermo-

couple in mechanical contact to the backside of the molybdenum sample holder. To ensure

substrate temperature reproductibility, each series of samples described below was grown on

a single molybdenum substrate holder.

Prior to all experiments, a 100 nm thick GaN layer was grown under Ga-rich conditions

on the pseudosubstrates to avoid the influence of a possible surface contamination layer.

Subsequently, a 300 nm thick AlN film was deposited under Al-rich conditions at a sub-

strate temperature of 730 ◦C. We have found by reflection high-energy electron diffraction

(RHEED) and high-resolution X-Ray diffraction that this thickness is sufficient for the AlN

layer to be fully relaxed with a residual in-plane strain of ε1 < 0.1%.22 An atomic-force

microscopy (AFM) image of such an (0001) AlN surface is shown in Fig. 1. The surface

is characterized by about 30 nm wide terraces and spiral hillocks, similar to GaN surfaces

grown under equivalent conditions.23

The growth rate and the GaN coverage have been experimentally determined for each

sample by RHEED oscillations occurring during the growth of the wetting layer prior to

island formation.24 Typically, growth rates for different layers (and different samples) were

reproducible within about 0.01monolayers (ML)/s. The GaN coverage was then calculated

with a precision better than 0.1ML. It is worth noting that no measurable influence of

the growth rate on GaN island properties has been found in the range between 0.1 and

0.6ML/s. As, on the other hand, the Ga/N flux ratio has been found have a crucial influence

on the growth mode,24 it was fixed to 0.8, which leads to a critical thickness for the SK

transition of 2.25ML.24,25 The critical thickness was measured for each sample and found to

be reproducible within 0.1ML.

To study the GaN islands as grown, the samples were rapidly quenched to room tem-

perature under an N-flux. Ex-situ AFM was then used to study the GaN morphology after

exposure of the samples to air.
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III. RESULTS

A. Dependence on the GaN coverage

The parameter which most directly governs the properties of GaN islands grown in an

SK mode on AlN is the GaN coverage Θ, which effectively describes the time evolution of

the islands during growth. To study this parameter, a series of samples has been grown at

a substrate temperature of 730 ◦C and a growth rate of 0.15ML/s. The GaN coverage was

varied between Θ = 1.8ML and Θ = 4.6ML.

Figure 2(a) shows an AFM image of the morphology of GaN layers obtained after the

deposition of 1.8ML, i.e. for a coverage well below the critical thickness of 2.25ML. We

find that the morphology is unchanged with respect to that of the AlN pseudosubstrate: the

surface is characterized by about 30 nm wide terraces and spirial hillocks. We can thus infer

that the growth of about the first 2ML of GaN occurs in a layer-by-layer mode, as RHEED

oscillations are observed.24

When the second monolayer is completed, the morphology changes, as evidenced in

Fig. 2(b) for Θ = 2.2ML, i.e. immediately before the SK transition. Remainders of ter-

races and spiral hillocks are still visible, but the surface is characterized on a short scale

by 1–2ML high flat 2D islands. The behavior can thus be described by a transition from

a layer-by-layer growth to mutilayer growth at around 2.0ML. Such an occurrence of 2D

precursor islands prior to the genuine 2D-3D SK transition has also been observed in the

InAs/(Al,Ga)As system,26–29. The formation of such 2D precursor islands has also been used

to explain the narrow size distribution of the final 3D islands.18

When the growth is continued, the genuine 2D-3D transition occurs and 3D GaN islands

are formed as shown in Fig. 3. We find that their density increases strongly with GaN

coverage and saturates around 3.0ML at a value of 1.8× 1011 cm−2 [see Figs. 3(a) and (b)].

Further GaN deposition does not lead to an increase in island density but instead islands

grown in size. However, the islands do not grow continuously in size but a bimodal size

distribution is observed [see Figs. 3(c) and (d)].

The variation of the island size is summarized in Figs. 4 and Figs. 5. We see that, initially,

the islands’ height increases from 0.7 nm to 1.6 nm between 2.4 and 2.8ML of GaN coverage.

For higher GaN coverage, a bimodal size distribution is clearly observed with the first mode
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remaining constant at 1.6 nm independent of the coverage. In contrast, the average height

corresponding to the second mode increases continuously reaching 4.2 nm at 4.7ML coverage

with no sign of saturation in the examined coverage range. Differences in the shapes of mode

1 and mode 2 islands will be discussed below.

The variation of the island density is depicted in Fig. 6. We observe that the total density

increases strongly after the 2D–3D transition but saturates after 2.8ML, i.e. at the coverage

where the island size distribution becomes bimodal. The partial densities of the two modes

are shown in the inset in Fig. 6. For coverages below 2.8ML, the density of mode 1 islands

is identical with the total density and increases strongly with coverage. After the deposition

of 2.8ML, the density of mode 2 islands increases strongly, similarly to the behavior of mode

1 islands after the 2D–3D transition, whilst the density of mode 1 islands decreases. As the

total island density remains approximately constant, mode 1 islands must transform into

mode 2 islands without additional nucleation of new (mode 1) islands.

B. Dependence on the substrate temperature

The influence of the substrate temperature is studied in a series of samples with

Θ = 3.0ML deposited at substrate temperatures between TS = 690 ◦C and TS = 760 ◦C. At

lower temperatures, no SK growth is observed and GaN grows in a pseudo-2D mode,14,24,25

probably due to excessively low adatom mobility.30 Higher substrate temperatures are pro-

hibited by our experimental apparatus due to indium bonding of the substrates to the

substrate holder. All samples in this series were grown at a growth rate of 0.25ML/s

An AFM image of the morphology of two GaN layers grown at substrate temperatures

of TS = 700 ◦C and TS = 760 ◦C, respectively, are shown in Fig. 7. We observe that the

total island density decreases rapidly with substrate temperature, in keeping with previous

results15 and also with results obtained for the InAs/GaAs31 and SiGe/Si32 systems.

The variation of the GaN island density as a function of substrate temperature for a

coverage of Θ = 3.0ML is depicted in Fig. 8. We find an approximately exponential decrease

of the island density with increasing substrate temperature from 4.1 × 1011 cm−2 at TS =

690 ◦C to 8.0 × 1010 cm−2 at TS = 760 ◦C.

As we have seen above, the island density tends to saturate at sufficiently high GaN

coverage. This saturation density is shown as a function of substrate temperature in the
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inset in Fig. 8. For substrate temperatures of TS ≤ 730 ◦C, the saturation density is similar

to the density for Θ = 3.0ML, in agreement with the results in the last section. However, for

higher substrate temperature, the saturation density is significantly higher, demonstrating

that saturation occurs for GaN coverages larger than 3.0ML.

Figure 9 shows the island height distribution for Θ = 3.0ML and substrate tempera-

tures as indicated. The behavior is summarized in Fig. 10. We find a single approximately

Gaussian distribution (in the limit of the statistical precision) at a height of 1.6 nm for

substrate temperatures TS ≤ 720 ◦C. These islands correspond to the mode 1 islands ob-

served at TS = 730 ◦C and discussed above. At low temperature, the distribution is thus

still monomodal after 3.0ML. For TS = 730 ◦C, a shoulder appears at the high island side

of the distribution and transforms into a clearly separated second mode at higher tempera-

tures. Hence, we find that bimodal distributions occur earlier (for lower GaN coverage) at

higher substrate temperature. Another remarkable finding is that the height of the mode 1

islands remains constant as a function of temperature, whereas the height of mode 2 islands

increases with temperature, again without signs of saturation in the examined temperature

range.

C. Discussion

The above results demonstrate the occurrence of bimodal island size distributions at

high GaN coverage and/or substrate temperature; at low GaN coverage and/or substrate

temperature, the size distribution is monomodal. Remarkably, when bimodal distributions

occur, the size of mode 1 islands (smaller islands) appears independent of growth parameters

such as GaN coverage and substrate temperature.

As discussed above, the variation of partial densities of both modes implies that first

mode 1 islands are nucleated, their density saturates and the growth proceeds further by

transformation of mode 1 islands into mode 2 islands. Thus the question arises, whether this

transformation involves a shape change of the islands similar to the behavior observed in the

Ge/Si system, where pyramidal islands are observed to transform into “dome”-shaped islands

during growth.33,34 Some information about the island shape can be gathered by RHEED.

The RHEED images corresponding to pure mode 1 island morphologies and morphologies

with a mixture of mode 1 and mode 2 islands (but with a majority of mode 2 islands) are
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both characterized by the same {101̄3} facets, showing a six-fold rotation symmetry. It

thus appears that both types of islands are (truncated) hexagonal pyramids with {101̄3}

sidewalls, in agreement with previous results.14,15 However, it is clear that the shape of such

islands cannot be obtained from the RHEED pattern alone and further work is necessary to

determine the precise shape of both types of islands.

A more detailed analysis can be done by measuring the aspect ratio τ of the islands.

Figure 11(a) depicts the aspect ratio of mode 1 islands for two different GaN coverages (at

which monomodal height distributions are observed) at a substrate temperature of 730 ◦C.

In spite of the absolute increase of the islands’ size, their aspect ratio remains constant

and we find τ = 0.12. As shown in Fig. 11(b), the aspect ratio of mode 1 islands remains

constant (τ = 0.13) after the transition to bimodal distribution but the mode 2 islands have

a significantly larger aspect ratio of τ = 0.19. Both aspect ratios correspond to truncated

pyramids35 but mode 1 islands are flatter.

From the aspect ratio data, we can further calculate the amount of GaN contained in

the 3D islands as a function of deposited GaN. The result is shown in Fig. 12. We find

that the data are consistent with a 2ML thick wetting layer, independent of the amount

of deposited GaN. It thus appears that in this system, the wetting layer is stable and does

not contribute to island growth. The deviation for GaN coverages just after the critical

thickness of 2.25ML can be explained by the presence of 2D precursor islands, which still

contain significant material but are not taken into account as 3D islands.

IV. MODELING

In order to understand more precisely why the observed island distributions form, we

analyze the nitride nanostructure growth in terms of a thermodynamic equilibrium model

that has so far only been applied extensively to the Ge/Si system.21 To date, little effort

has been made to fit data on size distributions in nitride nanostructure data to any model.

Nakajima et al.36 have undertaken a purely theoretical study and explicitly derived thickness-

composition phase diagrams for the expected growth mode for GaInN/GaN and GaInN/AlN,

using known materials parameters. However, they did not take into account the shapes and

sizes of experimentally observed nitride nanostructures. Here we take a rather different

approach. We apply the thermodynamic model to the AFM data on nitride distributions

7



grown at one particular temperature in order to assess whether the bimodal distributions

of nanostructures are consistent with thermodynamic equilibrium, as opposed to being just

configurations along an unstable ripening trajectory. The experimental distributions are

described reasonably well by the model, as explained below. We then apply the model to

understand the variations in the bimodal distributions with growth temperature at fixed

coverage, and again find reasonable agreement over a range of growth temperatures.

The thermodynamic equilibrium model makes explicit predictions for the form of the

bimodal epitaxial nanostructure distributions. The model is governed by a set of parame-

ters that describes the size dependence of the elastic energy of an epitaxial nanostructure.

Following Shchukin et al.,16 we describe the internal energy εi of the ith individual island of

type X and volume νi as follows:

εi = AXνi + BXν
2/3

i + CXν
1/3

i + DX . (1)

Using this expression for the internal energy, the island size distribution f(νi) is given by

f(νi) = exp
(

−
εi − µνi

kBTS

)

, (2)

Equation (1) describes the chemical and elastic contributions to the island energy. The

first term arises from bulk strain, the second from surface and interfacial energies and island-

island interactions, and the third from surface stress and edge energies (suppressing the

log dependence of the edge elastic relaxation energy). The equation also includes a size-

independent term that is relevant only insofar as it differs from one nanostructure type to

another. For the internal energy (1), a minimum may exist if B and C have opposite signs.

There has been some debate over which of the two constants is likely to be positive and

which negative. In the initial development of a “shape-map” for the bimodal Ge/Si system

by Williams et al.,34 B was assumed to be negative and C positive. In more recent work

on Ge/Si, Rudd et al.21 have suggested that B should be positive, since a Ge(001) surface

does not spontaneously roughen, though they also acknowledge that, since 3D growth is

preceded by the appearance of increasing numbers of defects in the wetting layer with their

own associated energy, the behaviour of the Ge(001) surface of a bulk crystal may not be

relevant and B could be negative. Here, we find that the option most consistent with the

nanostructure size distributions observed by AFM is B > 0 and C < 0.

8



Unlike in the most recent developments of the equilibrium model,21 we have not, as yet,

explicitly included the effects of the elastic interaction between pairs of islands. We also have

not undertaken a self-consistent calculation of the chemical potential. Instead, we have taken

a similar approach to Williams et al.:34 Using the expressions for the distributions (2) and

internal energies (1), we have fitted the model to the available data at several coverages and

temperatures, in order to determine approximately how the constants A′, B, C, and D vary

as a function of growth parameters. For convenience, we have introduced A′ = A − µ. We

then used our empirical functions to fit the model across multiple data sets, to determine

how well it compares with the overall behaviour of the system. By comparison with the

more sophisticated work of Rudd et al.21 on Ge/Si, we expect B to be dependent on the

coverage and A′ to depend on the chemical potential, a non-trivial function of coverage and

temperature.

A. Evolution of size distribution with coverage

In investigating the variation of the parameters A′, B, C, and D as a function of coverage,

we found that C and D could be treated as being independent of coverage, but that B

increased monotonically with increasing coverage. This coverage dependence is consistent

with elastic island-island interactions, which are expected to scale with ν
2/3

i , and which will

increase with increasing coverage. B (Θ) could be approximated to a straight line with non-

zero slope for both the smaller (S) and the larger (L) island types. Thus (for X ∈ {S, L}):

BX(Θ) ≈ B0X + bXΘ. (3)

Similarly, Williams et al.34 found that, for the Ge/Si case, C was independent of coverage

and B varied linearly with coverage. However, they were also able to approximate the

variation of A′ with coverage as a straight line with non-zero slope. This does not appear to

be valid in this case, and we have not found a simple functional relationship between A′ and

coverage. Hence in fitting the model across multiple data sets we have calculated a separate

value of A′ for each data set, but have assumed a constant relationship between the value

of A′ for the larger and smaller islands. Essentially:

A′

L(Θ) = g(Θ) and A′

S(Θ) = g(Θ) + A0, (4)
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where A0 = AS − AL, representing the intrinsic differences in bulk elastic energy between

the two island types. The function g(Θ), which has not been found explicitly, represents the

coverage dependence of the chemical potential.

Hence, in fitting across four coverages at which large and small islands coexist, we used

the parameters B0S , B0L, bS, bL, CS, CL, DS, DL, A0, and four separately fitted values of

g(Θ). This clearly gives us a large number of parameters—however, the model must fit a

large number of observable features of the data. We are able to provide a reasonable fit for

each shape for the relative height, position, width and skewness of the volume distributions

(essentially 15 experimental observables for each island shape). Example fits are shown in

Fig. 13. The fitting has been done using a χ2 approach and the goodness-of-fit may be

judged by calculating an overall Q-value across the data sets, Qtotal. For the data sets under

consideration, Qtotal = 0.22. Since the available data sets are much smaller for this system

than for the Ge/Si system (in which counting large numbers of islands is facilitated by the

larger sizes of the islands, and the clear shape difference between island types) this Q-value is

satisfactory. For comparison we have also attempted to fit the data with the original model

of Williams et al.,34 and with some Gaussian functions. These fits were markedly worse

and it was not possible to find parameters that fit the entire set of data with a reasonable

Q-value. From these findings we may infer that the data are consistent with the equilibrium

model; however, the model can in no way be said to have been proven. The model contains

a large number of parameters for which little a priori information is available in the nitride

systems, and the measured island distributions would benefit from more data in order to

reduce the statistical uncertainty. Hence, the discussion that follows is somewhat tentative.

Using the calculated parameters we can plot the internal free energy versus volume curves

for both the smaller and the larger islands. The results are shown in Fig. 14 for three different

coverages. There is a significant evolution of the curves as the coverage increases. Similar

results were observed by Williams et al.34 for the evolution of internal energy with coverage

in the Ge/Si system, and were attributed to the interactions of the nanocrystals. The value

of B(Θ) affects the width of the curve and the horizontal position of the energy minimum.

In the Ge/Si case, Williams et al. found that for the larger islands (domes) the value of

B(Θ) increases (becomes less negative) with increasing coverage, whilst the value of B(Θ)

for the smaller islands (pyramids) decreases, which suggested that the repulsion between

domes was stronger than the repulsion between pyramids. In contrast, the work of Rudd et
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al.21 (also on Ge/Si) suggests that B(Θ) increases with increasing coverage at a similar rate

for both pyramids and domes. Similarly, in the current case, we find that the B-parameter

increases with increasing coverage at almost the same rate for both island types, indicating

no significant difference between the elastic island-island interactions for each island type.

Changes in A′(Θ) tend to shift the internal-free energy versus volume curves vertically.

At low coverages, the minimum internal energy is lower for the smaller islands, but at high

coverages, it is lower for the larger islands. Hence the formation of large islands rather than

small islands is preferred at high coverages. However, the elastic interactions between islands

may mean that not all small islands grow to become large islands. Some may be destabilised

by neighbouring islands and dissolve. One surprising feature of the fits is that A′ is found to

be positive for the larger islands, for all coverages. Since the bulk elastic energy is expected

to decrease when an island is formed, this suggests that the chemical potential is negative

and relatively large (since A′ = A − µ). This finding is not yet well understood.

B. Evolution of size distribution with temperature

In order to understand the variation of the size distribution with temperature, we must

consider the temperature dependence of the free energy of each island type. In principle, A′,

B, and C may all be temperature dependent. The size-independent D-parameter is constant

and is found to be the same for both small and large islands. Williams et al.34 performed

some limited studies on the temperature dependence of the fitting parameters in Ge/Si and

found that only A′ exhibited significant temperature dependence. Similarly, in this case, C

is found to be essentially independent of temperature. However, for both island types, we

have found that B exhibits a significant temperature dependence, such that for X ∈ {S, L}:

BX(TS) = B1X + βXTS, (5)

The B-parameter increases at a similar rate for the larger and the smaller islands, imply-

ing that the surface energy contribution from each island type varies in a similar way with

temperature. This is congruent with the suggestion that the {101̄3} facets seen in RHEED

dominate both island types. These results are not, however, incompatible with the existence

of other facets on the larger island types.

The A′-parameter, which was found to exhibit a complex dependence on coverage, also
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exhibits a complex dependence on temperature. Hence in fitting the model across a range

of temperatures, we have calculated values of A′ individually for each data set, but have

assumed a constant relationship between the value of A′ for the large islands and the value

of A′ for the small islands, such that

A′

L(TS) = h(TS) and A′

S(TS) = h(TS) + A1. (6)

For the larger islands, A′ is again found to be positive at lower temperatures but decreases

smoothly with temperature and changes sign at ≈ 755 ◦C. The fits are shown in Fig. 15;

Qtotal = 0.73. The function h(TS), which has not been found explicitly, includes the tem-

perature dependence of the chemical potential, and any variation in the elastic relaxation

with temperature.

This model is only valid if a quasi-equilibrium may be assumed. This assumption is

particularly problematic with regards to variation in temperature, since in particular at

lower temperatures, the system may not reach equilibrium, whilst at higher temperatures

significant interdiffusion between the islands and the substrate may occur. This alloying will

effectively reduce the mismatch between the islands and the substrate - strongly affecting the

island size distributions, since the mean equilibrium nanostructure volume varies inversely as

the sixth power of the mismatch.37 Rudd et al.’s more sophisticated work,21 in creating the

nanostructure diagram for the Ge/Si system, could be augmented to account for uniformly

distributed alloying, and for kinetic effects. In the past, whilst the temperature dependence

of the equilibrium island size distribution has been considered theoretically,21,34 very little

high quality data has been available for comparison. The experimental studies by Williams

et al.34 only involved temperatures of 550 ◦C, 600 ◦C and 650 ◦C, and there was considerable

uncertainty in the temperature measurement. Additionally, the sample grown at 550 ◦C

is believed to have been significantly influenced by kinetic effects, and the sample grown

at 650 ◦C experienced significant intermixing. Hence the data considered here, relating to

a smaller range of more accurately measured temperatures, are very valuable as a first

quantitative test of the temperature dependence of the equilibrium model. In addition, the

GaN/AlN system presents an important advantage over the Ge/Si system since it has been

show that alloying is very limited even at high growth temperatures.38

In considering the results of the fitting, we notice that fitting across the temperature data

sets gives a higher Qtotal than fitting across the coverage data, with an essentially similar
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fitting methodology. One might thus speculate that, since the samples used for the coverage

data set were grown at the relatively low temperature of 730 ◦C, full equilibrium has not

been achieved and kinetic effects are having some influence. A worthwhile approach, in

investigating this further, will be to examine a series of samples that have been annealed at

growth temperature to allow further evolution towards equilibrium.

V. CONCLUSION

Using ex situ AFM, we have studied the evolution of thin GaN layers grown by plasma-

assisted MBE on (0001) AlN layers at substrate temperatures between 700 and 750 ◦C.

Initially, 2ML of GaN grow in a 2D mode, followed by the occurrence of 2D islands. These

islands act as precursors for 3D islands, which appear after a SK transition around 2.3ML.

During further growth, in particular at higher temperatures, a bimodal island size distri-

bution is observed. Remarkably, the size of mode 1 islands is found to be independent of

coverage and temperature, whereas the size of mode 2 islands increases with coverage and

temperature. The analysis of the partial island densities reveals that, whilst the total island

density remains constant, mode 1 islands transform during growth into mode 2 islands. The

aspect ratio of the islands is measured for both types of islands and it is found that they

are characterized by distinctively different aspect ratios, whereas no additional facets are

observed in the RHEED pattern due to mode 2 islands.

These findings are examined in the framework of an equilibrium model for SK growth.

We find satisfactory agreement with the experimental data, suggesting that, as more data

becomes available, extending the equilibrium approach may be helpful in understanding and

tailoring nitride nanostructure distributions. We have examined the variation of each of the

fitting parameters with growth conditions, and have considered how this may relate to the

physics of this system. The calculated parameters appear to be compatible with the available

data—for example the B-parameter, relating to the surface energy of the islands—shows a

similar variation with growth parameters for each island type, which is unsurprising if both

island types are dominated by the same facet. However, the fits are in no way perfect,

and this may be due to the influence of kinetic effects on the island distributions. Further

experiments on the annealing of dot arrays at growth temperature might clarify to what

extent the growth proceeds near equilibrium or kinetic effects are predominant.
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FIG. 1: Atomic-force micrograph of an AlN pseudosubstrate.

FIG. 2: Atomic-force micrograph of the GaN surface morphology for coverages Θ of (a) 1.8 ML

and (b) 2.2 ML, respectively.
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FIG. 3: Atomic-force micrograph of GaN surface morphology for coverages Θ of (a) 2.5 ML, (b)

2.8 ML, (c) 3.0 ML, and (d) 4.6 ML, respectively.
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FIG. 4: Height distribution of GaN islands grown on AlN with nominal coverages as indicated.

TS = 730 ◦C. For clarity, the distributions have been individually normalized.
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FIG. 5: Average island height as a function of GaN coverage at TS = 730 ◦C. Above 2.8 ML a

bimodal size distribution is observed.
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FIG. 6: Total GaN island density as a function of GaN coverage at TS = 730 ◦C. The inset shows

the partial density of the islands in the two modes. We observe that mode 1 islands transform into

mode 2 islands after the deposition of about 2.8 – 3.0 ML.

FIG. 7: Atomic-force micrograph of GaN surface morphology as a function of substrate tempera-

ture: (a) TS = 700 ◦C; (a) TS = 760 ◦C.
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FIG. 8: GaN island density ρ for a coverage of Θ = 3.0 ML as a function of substrate temperature

TS . The inset shows the island saturation density as a function of substrate temperature.
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FIG. 10: Average island height as a function of substrate temperature for a GaN coverage of

Θ = 3.0 ML. Above 720 ◦C a bimodal size distribution is observed.
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FIG. 11: (a) Island height as a function of diameter for mode 1 islands obtained for two GaN

coverages, as indicated. TS = 730 ◦C. The solid line corresponds to an aspect ratio of τ = 0.12. (b)

Island height as a function of diameter for mode 1 and mode 2 islands. TS = 730 ◦C, Θ = 4.0 ML.

The solid lines correspond to aspect ratios of τ = 0.13 for mode 1 and τ = 0.19 for mode 2,

respectively.
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FIG. 12: Total volume contained in 3D GaN islands as a function of coverage. The solid line

indicates the expected behavior for a constant 2ML thick wetting layer, whereas the dashed line

indicates the expected behavior for no wetting layer at all.
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FIG. 13: Comparison of experimentally observed island size distributions at 730 ◦C with fitted

island size distributions for both the smaller (circles) and larger (crosses) islands, for coverages

of 3.0 ML and 3.7 ML, as indicated. The fitting has been done, as described in the text, with a

single set of parameters to describe a range of coverages. Values of the C- and D-parameters do

not vary with coverage, values of the B-parameters vary linearly with coverage and values of the

A-parameter are individually fitted such that AS − AL = A0 for all coverages.
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FIG. 14: Plots of the variation in internal energy of an island with island volume for the smaller

(solid line) and larger (dashed line) islands at 730 ◦C for three coverages, as indicated.
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FIG. 15: Comparison of experimentally observed island size distributions with fitted island size

distributions for both the smaller (circles) and larger (crosses) islands, for a coverage of 3.0 ML

and temperatures 730 ◦C and 750 ◦C, as indicated. The fitting has been done, as described in

the text, with a single set of parameters to describe a range of temperatures. Values of the C-

and D-parameters do not vary with temperature, values of the B-parameter vary linearly with

temperature and values of the A-parameter are individually fitted such that AS − AL = A1 for all

coverages.
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